Ocular following responses (OFRs) are the initial tracking eye movements that can be elicited at ultrashort latency by sudden motion of a textured pattern. The OFR magnitude depends upon stimulus size, and also upon the spatial frequency (SF) of sine-wave gratings. Here we investigate the interaction of size and SF. We recorded initial OFRs in human subjects when 1D vertical sine-wave gratings were subject to horizontal motion. Gratings were restricted to elongated horizontal apertures-''strips''-aligned with the axis of motion. In Experiment 1 the SF and the height of a single strip was manipulated. The magnitude of the OFR increased with strip height up to some optimum value, while strip heights greater than this optimum produced smaller responses. This effect was strongly dependent on SF: the optimum strip height was smaller for higher SFs. In order to explore the underlying mechanism, Experiment 2 measured OFRs to stimuli composed of two thin horizontal strips-one in the upper visual field, the other in the lower visual field-whose vertical separation varied 32-fold. Stimuli of different sizes can be reconstructed from the sum of such horizontal strips. We found that the OFRs in Experiment 1 were smaller than the sum of the responses to the component stimuli, but greater than the average of those responses. We defined an averaging coefficient that described whether a given response was closer to the sum or to the average. For any one SF, the averaging coefficients were similar over a wide range of stimulus sizes, while they varied considerably (7-fold) for stimuli of different SFs.
Introduction
Ocular following responses (OFRs) are the initial tracking eye movements that are elicited at ultra-short latency by sudden motion of a textured pattern. Appreciated initially as a visual counterpart of the translational vestibulo-ocular reflex-see Miles (1998) , for review-the OFR over the years proved also to be a powerful behavioral probe for studying the earliest stages of the cortical visual motion processing (Kodaka et al., 2007) . Recent work has provided strong evidence that the earliest OFRs are mediated by motion detectors that are sensitive to 1st-order motion energy, as in the widely accepted motion energy model (Adelson & Bergen, 1985; van Santen & Sperling, 1985; Watson & Ahumada, 1985) . Thus, OFRs to broadband motion stimuli-both in humans and nonhuman primates-depend on the Fourier composition of the visual stimulus (Miura et al., 2006; Sheliga et al., 2005) , and show reversal with ''1st-order reverse-phi motion'' (Masson, Yang, & Miles, 2002) . Further, the inter-subject variation of many fundamental visual properties of the OFR is minimal, the result that one might anticipate if these characteristics directly reflected the activation of (and/or the interactions between) the low-level motion detectors involved (Matsuura et al., 2008; Sheliga, FitzGibbon, & Miles, 2008b; Sheliga et al., 2005) . More than two decades of intensive work by several groups are comprehensively summarized in an excellent review by Masson and Perrinet (2012) . This study will concentrate on the spatial summation properties of the OFR. As early as in 1990 Miles and colleagues showed that larger stimuli did not necessarily result in stronger responses (Gellman, Carl, & Miles, 1990) . In many cases the largest stimuli produced smaller responses than those produced by stimuli of optimal size. Masson and colleagues (Barthelemy, Vanzetta, & Masson, 2006 ) also found a similar dependence of the OFR on aperture size. Similar decreases in response for large stimuli have been reported in monkeys (cited from Masson & Perrinet, 2012; compare Fig. 8b and e). Masson and Perrinet (2012) suggested that the summation of motion information occurs only within a ''limited integrative zone'' and ''is modulated by a suppressive field of much larger size''. A different stimulus used by Sheliga, FitzGibbon, and Miles (2008a) suggests that antagonism between center and periphery is not the only mechanism. They used gratings that were confined to equally-spaced horizontal strips. Fifteen strips spanning the screen (with gaps between them) produced responses similar to just three strips. When 30 abutting strips filled the screen, the response was substantially attenuated, leading the authors to invoke local inhibitory surround mechanisms (e.g., for MT circuitry see Born and Bradley (2005) for review). The saturation in responses observed with separated strips suggests more global inhibitory process (Carandini & Heeger, 1994; Carandini, Heeger, & Movshon, 1997; Heeger, 1992; Rust et al., 2006; Simoncelli & Heeger, 1998) .
All of the above studies used sinusoidal gratings of one fixed SF, and no systematic study has explored possible interactions between SF and size. Here we address this question using 1-D (vertical) sinusoidal gratings restricted to elongated horizontal apertures-''strips''-aligned with the axis of motion. In Experiment 1 the SF and the height of a single strip were manipulated independently over a wide range. The pattern of the OFR amplitude dependence on strip height-an increase followed by a decreasewas strongly affected by stimulus SF: the higher the SF of the stimulus, the smaller the strip height that produced a maximal OFR. Furthermore, for a given SF, this ''critical'' strip height did not depend much on stimulus contrast (8-50% range). In Experiment 2 we attempted to address the mechanism by which the OFR dependence on strip height might arise, measuring OFRs to stimuli located at different eccentricities. For this, we used gratings that occupied two thin horizontal strips-one in the upper visual field, the other in the lower visual field-whose vertical separation was varied 32-fold. The stimuli of Experiment 1 can be constructed by summing a collection of horizontal strips of different vertical eccentricity, so we then asked if the OFRs to stimuli of Experiment 1 could be derived as a function-sum, average, or other-of OFRs to strips comprising them. Observed responses fell between the sum and the average of the component responses. We define an averaging coefficient that describes how close the response was to either pure summation or pure averaging. For a given SF, the averaging coefficient was similar for a wide range of stimulus sizes. On the other hand, averaging coefficients varied considerably for stimuli of different SFs, with responses for higher SF falling further beneath the sum. OFR latencies decreased with stimulus size, but this effect was small at high SFs, probably because of the progressive scarcity of high-SF visual inputs with increasing eccentricity (De Valois & De Valois, 1988) . Some preliminary results of this study were presented in abstract form elsewhere (Sheliga et al., 2011) .
Experiment 1: The initial OFRs to gratings of variable height

Material and methods
Most of the techniques were very similar to those used previously in our laboratory (Sheliga et al., 2006 (Sheliga et al., , 2005 Sheliga, FitzGibbon, & Miles, 2008b) and, therefore, will only be described in brief here. Experimental protocols were approved by the Institutional Review Committee concerned with the use of human subjects.
Subjects
The recordings from the three authors (B.M.S., C.Q., and E.J.F.) of this study provided the entire dataset. All subjects had correctedto-normal vision. Viewing was binocular.
Eye-movement recording
The horizontal and vertical positions of the right eye were recorded with an electromagnetic induction technique (Robinson, 1963 ) using a scleral search coil embedded in a silastin ring (Collewijn, Van Der Mark, & Jansen, 1975) , as described by Yang, FitzGibbon, and Miles (2003) .
Visual display and the grating stimuli
The subjects sat in a dark room with their heads positioned by means of adjustable rests (for the forehead and chin) and secured in place with a head band. Visual stimuli were presented on a computer monitor (Sony 21 00 CRT) located straight ahead at 45.7 cm from the corneal vertex. The monitor screen was 400 mm wide and 300 mm high, with a resolution of 1024 Â 768 pixels (20.55 pixels/°, directly ahead of the eyes), a vertical refresh rate of 150 Hz (subject C.Q.) or 160 Hz (all other subjects), and a mean luminance of 20.8 cd/m 2 . The RGB signals from the video card provided the inputs to an attenuator (Pelli, 1997) whose output was connected to the RGB inputs of the monitor via a video signal splitter (Black Box Corp., AC085A-R2). This arrangement allowed the presentation of black and white images with 11-bit grayscale resolution.
The visual stimuli consisted of 1-D vertical gratings with sinusoidal luminance profiles subject to horizontal motion in the form of 1/8-wavelength steps between each video frame.
1 The stimuli were always centered vertically at a subject's eye level and extended the full width of the display (47°). The gratings occupied a single horizontal strip, whose height ranged from $0.15°(3 pixels) up to $36.1°(full screen) in octave increments. All gratings had a fixed contrast of 32%; their SFs ranged from 0.03125 to 2 cpd (subject C.Q.: from 0.0625 to 1 cpd) in octave increments. See Fig. 1A for an example. Each block of trials had 126 (subjects B.M.S. and E.J.F.) or 90 (subject C.Q.) randomly interleaved stimuli: 9 strip heights, 7 or 5 SFs, and 2 directions of motion (leftward vs. rightward).
2.1.3.1. Experiment 1B. In this experiment the gratings had a variable contrast of 8%, 20%, or 50%; their SFs were set at 0.0625 or 1 cpd. The gratings occupied a single horizontal strip, whose height ranged from $0.15°up to the full screen in octave increments. Each block of trials had 108 randomly interleaved stimuli: 9 strip heights, 3 contrasts, 2 SFs, and 2 directions of motion.
Procedures
All aspects of the experimental paradigms were controlled by two PCs, which communicated via Ethernet using the TCP/IP protocol. One of the PCs was running a Real-time EXperimentation software package (REX) developed by Hays, Richmond, and Optican (1982) , and provided the overall control of the experimental protocol as well as acquiring, displaying, and storing the eye-movement data. The other PC was running Matlab subroutines, utilizing the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) , and generated the visual stimuli upon receiving a trigger signal from the REX machine.
At the beginning of each trial, the grating patterns appeared (randomly selected from a lookup table) together with a target spot (diameter, 0.25°) at the screen center that the subject was instructed to fixate. After the subject's right eye had been positioned within 2°of the fixation target and no saccades had been detected (using an eye velocity threshold of 18°/s) for a randomized period of 600-1100 ms the fixation target disappeared and the apparent-motion stimulus began. The motion lasted for 200 ms, at which point the screen became a uniform gray (luminance, 20.8 cd/m 2 ) marking the end of the trial. After an intertrial interval of 500 ms a new grating pattern appeared together with a central fixation target, commencing a new trial. The subjects were asked to refrain from blinking or shifting fixation except during the inter-trial intervals but were given no 1 The stimulus motion temporal frequency, therefore, was equal to $19 Hz (with 150 Hz refresh rate) or 20 Hz (with 160 Hz refresh rate) which is within range of optimal temporal frequencies for evoking OFRs as shown by others (Gellman, Carl, & Miles, 1990) .
instructions relating to the motion stimuli. If no saccades were detected for the duration of the trial, then the data were stored on a hard disk; otherwise, the trial was aborted and subsequently repeated within the same block. Data were collected over several sessions until each condition had been repeated an adequate number of times to permit good resolution of the responses (through averaging).
Data analysis
The horizontal and vertical eye position data obtained during the calibration procedure were each fitted with second-order polynomials which were used to linearize the horizontal and vertical eye position data recorded during the experiment proper. The linearized eye-position signals were smoothed with an acausal 6th-order Butterworth filter (3 dB at 30 Hz) and mean temporal profiles were computed for each stimulus condition. Trials with saccadic intrusions (that had failed to reach the eye-velocity cut-off of 18°/s used during the experiment) were deleted.
2 Because the OFRs elicited by some stimuli could be very weak or show directional asymmetries, the mean horizontal eye position with each leftward motion stimulus was subtracted from the mean horizontal eye position with the corresponding rightward motion stimulus: the ''mean R-L eye position''. Velocity responses (the ''mean R-L eye velocity'') were estimated from differences between samples 10 ms apart (central difference method), and evaluated every 1 ms. Response latency was estimated by determining the time after stimulus onset when the mean R-L eye velocity first exceeded 0.1°/s. The initial OFRs to a given stimulus were quantified by measuring the changes in the mean R-L eye position signals-''OFR measures''-over the initial 2 An ability to maintain stable fixation varies greatly from subject to subject and, to a lesser extent, for the same subject from session to session. In our experiments the off-line trial deletion resulted in the elimination of 4 ± 4% of trials for subject B.M.S., 18 ± 10% of trials for subject C.Q., and 27 ± 15% for subject E.J.F. open-loop period, i.e., over the period up to twice the minimum response latency. However, to permit within-subject comparisons across different paradigms, for a given subject the duration of this measurement window was always the same throughout the entire study (59 ms for subject B.M.S.; 61 ms for C.Q.; 64 ms for E.J.F.). For all of the data obtained from a given subject with a given stimulus set, this window always commenced at the same time after the stimulus onset (''stimulus-locked measures''), the actual time being determined by the shortest response latency in the particular data set. 
Results
Fig . 2 shows sample mean R-L eye velocity profiles over time obtained from one subject (B.M.S.) in response to two motion stimuli whose SFs differed 16-fold: 1 cpd ( Fig. 2A ) and 0.0625 cpd (Fig. 2B) . Comparison of Fig. 2A and B demonstrates that the magnitude and latency of the OFR depends upon strip height, but in ways that are very different for these two spatial frequencies.
When the stimulus SF was high ( Fig. 2A) , even the narrowest strip-0.15°high (the lightest gray trace)-evoked a considerable response. Increasing the strip height up to 2.34°boosted the OFRs, while further increase led to a profound decline in the OFR magnitude, such that the OFRs were least when the motion stimulus occupied the full screen (the darkest gray trace).
When the stimulus SF was low (Fig. 2B) , the OFRs to the narrowest strip were the smallest ones. Increasing the strip height from 0.15°all the way up to 18.5°led to a progressive increase in the OFR magnitude, though the OFRs dipped again when the motion stimulus occupied the whole screen. Fig. 3 summarizes the OFR latency data for all three subjects. In Fig. 3A -C for each stimulus SF the latency is plotted as a function of the strip height (on a log abscissa). Each such plot was fitted with the following expression (Sheliga, FitzGibbon, & Miles, 2009) : where K is a coefficient, C is strip height, n is an exponent, L 0 is an asymptote, and the plots include these fits (when 2 cpd stimuli are excluded, r 2 ranged from 0.733 to 0.996 averaging 0.957) as smooth curves whose best-fit parameters are listed in Table 1 in the Supplementary material. The OFR latency was strongly dependent upon the strip height, with larger stimuli producing shorter latencies. These changes in latency were SF-dependent: the lower the SF of the stimulus the greater the decrease in latency. At the highest SF used, no change in latency was detectable. Fig. 3D quantifies this observation using a ''Latency Decrease'' measure, defined as a difference in latency between the minimal-and maximal-strip-height conditions.
4
The amplitude of the OFR followed quite a different pattern, and Fig. 4 summarizes the data for all three subjects. In Fig. 4A -C for each stimulus SF the amplitude is plotted as a function of the strip height (on a log abscissa). Each plot was fitted with a 5th-order polynomial, 5 and these fits (r 2 ranged from 0.951 to 1.000 averaging 0.992) are included as smooth curves whose best-fit parameters are listed in Table 2 in the Supplementary material. For each stimulus SF the dependence of the OFR amplitude on strip height exhibited the same basic pattern: as the strip height was increased there was an initial rise in the OFR amplitude up to some optimal value, beyond which further increase in height decreased the OFR. 6 However, several features of such a general response curve ''shape'' were clearly SF-dependent. Firstly, at higher SFs even the narrowest-height stimuli evoked a considerable response, while at lower SFs the OFR for the narrowest-height stimuli was small. Secondly, at higher SFs the initial rise in the amplitude was very modest, while at lower SFs the initial increase in the strip height led to a substantial rise in the OFR amplitude. Thirdly, the maximum attainable OFR amplitude was SF-dependent: the intermediate-SF gratings (around 0.25 cpd) were the most effective, reminiscent of our earlier findings (e.g., Sheliga et al., 2005) . Fourthly, the strip height which yielded the maximal OFR was also SF-dependent: a higher strip was needed to attain the maximal response at lower SFs. This last result is further quantified 
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Dependence of the strip height yielding the maximal response on stimulus spatial frequency for three subjects. Continuous traces are the best-fit polynomial functions. Bright symbols and traces: stimulus-locked measurements. Pale symbols and traces: response-locked measurements. Responses of subject C.Q. to 0.0625 cpd gratings did not saturate even with the full-screen image, so the corresponding datum point is uniquely marked by a crossed circle placed at the eccentricity corresponding to the maximal vertical screen extension (thin horizontal dotted line) in order to distinguish it from all other ''real'' data. Black open circles and dotted line: subject B.M.S. data in a control experiment in which the stimulus width was kept constant in terms of grating cycles rather than degrees of visual angle.
in Fig. 4D (bright symbols and fits), which plots the strip height which yielded the maximal response (calculated from the polynomial fits in Fig. 4A -C) as a function of the stimulus SF (on a log abscissa). Regardless of stimulus height, the gratings always extended the whole width of the computer screen. Thus for stimuli of different SFs the number of sine wave cycles along the axis of motion varied 64-fold: from $1.6 cycles at 0.03125 cpd to 99.7 cycles at 2 cpd. This might somehow also influence the OFR dependence on stimulus size. We, therefore, conducted a control experiment in one subject (B.M.S.) in which the stimulus height was varied exactly as in Experiment 1 but the stimulus width was kept constant in terms of grating cycles (6.2) rather than degrees of visual angle. Stimuli of four SFs were used: 1, 0.5, 0.25, and 0.125 cpd. We found that the OFR amplitude dependencies on stimulus height were very similar to those shown in Fig. 4A (subject B.M.S.), and the strip height which yielded the maximal OFR was still SF-dependent: a higher strip was needed to attain the maximal response at lower SFs. Data from this control experiment are added to Fig. 4D : it is clear that Experiment 1 (black filled circles; solid line) and our control experiment (black open circles; dotted line) yield very similar results. We, therefore, conclude that the number of sine wave cycles along the axis of motion cannot account for the differential OFR dependencies on stimulus size for stimuli of different SF.
The OFR measures used for the amplitude analyses so far were defined with respect to the stimulus motion onset-''stimuluslocked measures'' (see Methods). Although the dependent variable in all of our experiments is a motor response, our major interest is in the sensory processing that underlies this response and, for this, stimulus-locked measures are appropriate. However, stimuluslocked response measures might be affected by the response latency. Therefore, given that Fig. 3 reported significant stripheight-dependent OFR latency changes (which affected primarily lower SFs), we wanted to see if the results reported in Fig. 4D could be accounted for exclusively by changes in the OFR latency. For this we computed ''response-locked measures'', which were based on the change in the mean R-L eye position signals over the same time window that was used with the stimulus-locked measures but commencing when mean R-L eye velocity first exceeded 0.1°/s individually for each stimulus condition. Fig. 4D shows that these measures (pale symbols and fits) reproduce the pattern of results obtained using the stimulus-locked measures. This implies that latency differences had little impact on our measures of the relationship between stimulus size and OFR amplitude.
Experiment 1B: Contrast dependence
In Experiment 1 the contrast of all the gratings was kept constant at 32%. However, there is ample evidence from both psychophysical (e.g., Anderson & Burr, 1991; Tadin et al., 2003) and single-neuron level studies (e.g., Cavanaugh, Bair, & Movshon, 2002; Sceniak et al., 1999) that the visual summation of low-vs. high-contrast stimuli might be quite different. So here we sought to establish if and how the dependence of the OFR amplitude on strip height was influenced by stimulus contrast. For this we picked gratings of just two SFs-one on the high and one on the low end of the SF range (1 cpd vs. 0.0625 cpd; 16-fold difference)-and presented them at one of three contrasts spanning the range from 8% to 50%. Subjects B.M.S. and E.J.F. participated. Fig. 5 summarizes the OFR amplitude data. In Fig. 5A and B for each stimulus SF and contrast the amplitude is plotted as a function of the strip height (on a log abscissa).
7 Each plot was fitted with the 5th-order polynomial, and these fits (r 2 ranged from 0.933 to 0.999 averaging 0.977) are included as smooth curves whose bestfit parameters are listed in Table 3 in the Supplementary material. Fig. 5C provides quantitative description. At 1 cpd (upper panel) the strip of just 3.9 ± 0.4°-high was sufficient to exert the maximal impact on the OFRs, and any dependency on contrast was virtually absent. On the other hand, at 0.0625 cpd (lower panel) the strip had to be much higher-22.3 ± 4.2°-in order to attain maximal OFR amplitudes, and at lower contrasts the required strip height was somewhat bigger.
Experiment 2:
The initial OFRs to ''paired strips'' located at different vertical eccentricities
Material and methods
Many of the methods and procedures were identical to those used in Experiment 1, and only those that were different will be described here. 7 For a given SF at all contrasts and strip height conditions the OFR measurement window always commenced at the same time after the stimulus onset.
Stimuli
The visual stimuli consisted of 1-D vertical gratings which occupied two horizontal strips (''paired strips'')-one in the upper visual field, the other in the lower visual field-which were equidistant from the center of the display. Each strip was $0.6°high (12 pixels at eye level) for subjects B.M.S. and E.J.F. or $1.2°high (24 pixels at the eye level) for subjects B.M.S. and C.Q. and extended the full width of the display. See Fig. 1B for an example. All gratings had a fixed contrast of 32%; their spatial frequency ranged from 0.03 to 2 cpd (subjects B.M.S. and E.J.F.) or from 0.06 to 1 cpd (subject C.Q.) in octave increments. The vertical separation between the strips was varied systematically, but the exact separation values were chosen such that the paired strips encompassed the same area of the computer screen as the area covered by the stimuli employed in Experiment 1 (compare Fig. 1B to 1A for an example). The vertical separation between the strips-measured as an angular distance between their outer edges-was set to one of the following values: 1.2°(paired 0.6°-high strips only), 2.3°, 4.7°, 9.3°, 18.5°, or 36.1°. Each block of trials had 84 (0.6°-high strips; subjects B.M.S. and E.J.F.), 70 (1.2°-high strips; subject B.M.S.), or 50 (1.2°-high strips; subject C.Q.) randomly interleaved stimuli: 6 or 5 strip separations, 7 or 5 SFs, and 2 directions of motion.
3.1.1.1. Experiment 2B. This experiment explored the effect of contrast in stimuli reproduced from Experiments 1 (a single strip of variable height) and Experiment 2 (1.2°-high ''paired strips''). The gratings could have one of two contrasts (8% or 50%) and one of two SFs (0.0625 or 0.5 cpd). The single strip height and paired strips vertical separation ranged from 2.3°to 18.5°in octave increments. Each block of trials had 56 randomly interleaved stimuli: 2 stimulus types (single strip vs. paired strips); 4 strip heights (or vertical separations), 2 contrasts, 2 SFs, and 2 directions of motion. 
Data analysis
The stimuli of Experiment 1 can be spatially reconstructed by summing a number of abutting paired strips of different vertical separation.
9 For example, the 25%-coverage stimulus shown in Fig. 1A can be spatially reconstructed adding up 8 abutting paired 0.6°-high strips which have vertical separations of 1.2°, 2.3°, 3.5°, 4.7°, 5.8°, 7.0°, 8.2°, and 9.3°. Although we did not record responses to all the separations required to reconstruct the stimuli in Experiment 1 (see the preceding Stimuli section), the missing separations could be approximated by linear interpolation using separations that were measured. For example,
where R is the OFR amplitude. To assess quantitatively if the OFRs recorded to stimuli of Experiment 1 were a function-sum, average, or other-of responses to paired strips comprising them, the OFR amplitude to paired strips was computed using stimulus-locked measures whose ''temporal windows''-both commencement time and duration-matched those used in Experiment 1. Experiments 1 and 2 were run on different days, and hence the stimuli tested in each of the experiments were not interleaved within a single session. However, since the two experiments had one condition (for each SF) in commonpaired 0.6°-high strips separated by 1.2°were identical to 1.2°-high single strip in Experiment 1 and paired 1.2°-high strips separated by 2.3°were identical to 2.3°-high single strip in Experiment 1-all OFR measures obtained in Experiment 1 and 2 were normalized with respect to the OFR measure recorded in this common (one for each SF) condition.
10 Data analyses in Experiment 2B were performed in exactly the same way as it was just described for Experiment 2, except that no such normalization was needed since the variable-height single strip stimulus conditions (as in Experiment 1) and the paired-strip stimulus conditions (as in Experiment 2) were interleaved within a single experimental session.
Results
Fig . 6 shows two examples of mean R-L eye velocity profiles over time obtained from one subject (B.M.S.) in response to motion of paired 0.6°-high strips: 1 cpd strips (Fig. 6A ) and 0.0625 cpd strips (Fig. 6B) . It is clear that the dependencies on strip separation were very different for the two SFs shown. When the SF was high (Fig. 6A) , OFR amplitude increased with strip separation up to 4.7°, while further strip separation led to a profound OFR amplitude decline. When the SF was low (Fig. 6B) , strip separation had little effect on the OFR amplitudes. The OFRs to the high-SF stimuli showed progressive latency increase as the strip separation became larger (Fig. 6A) , while the same tendency-though presentwas much weaker with the low-SF stimuli (Fig. 6B) .
OFR latency
Qualitatively, each subject's latency dependencies on the angular strip separation were the same; therefore Fig. 7 summarizes data averaged across subjects. The resulting plots were similar for paired 0.6°-high ( Fig. 7A and B ) and 1.2°-high ( Fig. 7C and D) strips.
11 Fig. 7A and C plot the Minimal Latency-the shortest OFR latency among all vertical strip separations for a given SF-as a function of the gratings' SF (on a log abscissa). These dependencies had a U-shaped form, with the smallest values recorded for stimuli in the 0.25-1 cpd range. Fig. 7B and D plot the OFR latencies-normalized to their respective Minimal Latency-as a function of strip separation (on a log abscissa). For intermediate-and low-SF stimuli the OFR latencies were fairly constant and close to their respective Minimal Latency values for all strip separations up to 18.5°, and a notable increase in latency occurred only for the extreme separation tested (36.1°). On the other hand, the OFR latencies to 1 and 2 cpd stimuli started to increase much earlier-at strip separations of 4.7-9.3°-and the increase tended to originate at smaller strip separations for 2 cpd stimuli (black open circles) than for 1 cpd stimuli (blue open squares). Fig. 8A -D summarize the OFR amplitude data for all subjects. For each stimulus SF the amplitude is plotted as a function of the angular vertical strip separation (on a log abscissa). At high and intermediate SFs this dependence was ''bell-shaped''. As the stimulus SF decreased the peak of this ''bell'' curve shifted towards larger strip separations. For the highest SFs tested (black open circles and blue open squares), the most effective motion stimulus was often the one with the smallest strip separation, i.e. when the paired strips abutted forming a ''single strip''. For the two lowest SFs (red 8 Paired 1.2°-high strips separated by 2.3°condition is identical to 2.3°-high single strip condition. Therefore the total number of trials per block was 56 rather than 64. 9 The stimuli were displayed on a flat computer monitor. Since we maintained the strip height constant (rounded to the nearest full pixel) angular-wise, it led to an accumulation of a tangential error pixel-wise for the most peripheral strip location(s). However, re-spatial reconstruction arithmetic that follows, this error was minimal (3.3%), and we ignored it.
OFR amplitude
10 For subjects B.M.S. and E.J.F response amplitudes to paired 0.6°-high strips separated by 1.2°were 0.91 ± 0.05 and 1.00 ± 0.05, respectively, of those to 1.2°-high single strip in Experiment 1. For subjects B.M.S. and C.Q. response amplitudes to paired 1.2°-high strips separated by 2.3°were 1.00 ± 0.08 and 0.90 ± 0.08, respectively, of those to 2.3°-high single strip in Experiment 1. 11 Only one subject (B.M.S.) was tested with paired 1.2°-high strips at 0.03125 and 2
cpd. This fact is acknowledged in Fig. 7C and D by using dotted lines to present those data. Also with 2 cpd strips separated by 36.1°the OFR velocity did not reach 0.1°/s criterion for response onset (see Methods), hence no datum point for this condition in Fig. 7B and D. filled triangles and violet filled squares), on the other hand, the OFR amplitudes were fairly constant regardless of strip separation, with a noteworthy decrease in amplitude occurring only in 4 out of 7 cases with the 36.1°separation.
OFR amplitude: Experiment 1 vs. Experiment 2
As described in the Methods, stimuli of Experiment 1 can be spatially reconstructed using an integer number of abutting paired strips of different vertical separation, and here we asked if and how the OFRs to stimuli of Experiment 1 can be quantitatively derived from the responses to paired strips comprising them. Observed responses were always smaller than the sum of responses to the component stimuli, which could arise if responses are being averaged rather than summed. In order to explore this quantitatively
as a function of (N), where R i is the OFR amplitude (measured to motion of the ith paired strip, N is the number of paired strips that are required for spatial reconstruction of a certain stimulus of Experiment 1, and R obs is an actual OFR amplitude recorded for that stimulus in Experiment 1. In this plot, pure averaging will result in points sitting on the identity line, while pure summation will produce a horizontal line at 1. Note that when N = 1, this metric is also 1 by definition, so any fitted function must pass through (1, 1). Fig. 9 summarizes the results for all subjects using paired 0.6°-high (left panels) and 1.2°-high (right panels) strips, and clearly shows that for each SF tested the relationship was well captured (r 2 w ranged from 0.857 to 0.999 averaging 0.967 12 ; see Table 4 in the Supplementary material for the best-fit parameters) by a simple linear function
(this defines a line of slope k passing through (1, 1) ). The linearity shows that for any given SF, a fixed weighting, which we call a scaled average, determines spatial summation. We call parameter k the ''averaging coefficient'' since k = 1 corresponds to the arithmetic average R obs ¼ P N i¼1 R i N , while k = 0 corresponds to the arithmetic sum (R obs ¼ P N i¼1 R i ), and in our data the vast majority of averaging coefficients fell between these two well defined reference values (see Table 4 in the Supplementary material).
Averaging coefficients varied considerably (more than 7-fold) for stimuli of different SF, implying that the OFR spatial summation properties are strongly SF-dependent, and for each subject these dependences were well captured by Gaussian functions ( Fig. 10 ; on a log abscissa; r 2 ranged from 0.968 to 0.999 averaging 0.989). The parameters for these best-fit Gaussian functions-SF at the peak (f 0 ) and standard deviation (r)-are listed in Table 5 in the Supplementary material, along with the peak value (AC peak ). The lowest averaging coefficients were found for the lowest SFs, higher SFs resulted in larger averaging coefficients, while those dipped somewhat again for the highest SFs tested. For subject C.Q. the peak of the Gaussian fit was noticeably shifted towards lower SFs in comparison to the data of the other two subjects.
Experiment 2B: Contrast dependence
Here we sought to establish if averaging coefficients were the same or differed for stimuli of the same SF but different contrasts. For this we picked gratings of two SFs-one towards the higher and one towards the lower end of our SF range (0.5 or 0.0625 cpd)-and presented them with 8% or 50% contrasts. Subjects B.M.S. and E.J.F. participated. Fig. 11A and B plot these data in the same format as Fig. 9 . Again, all relationships were very well captured (r 2 w ranged from 0.980 to 0.999 averaging 0.993; see Table  6 in the Supplementary material for the best-fit parameters) by the linear function. Fig. 11C summarizes the comparisons between averaging coefficients (k) in different SF and contrast conditions.
The averaging coefficients for the high-contrast stimuli (black bars) were larger than those for the low-contrast stimuli (white bars). Also in agreement with the findings of Experiment 2 (see Fig. 10 ), the averaging coefficients for 0.5 cpd stimuli (left panel) were larger than those for 0.0625 cpd stimuli (right panel).
Discussion
OFR spatial summation properties
In Experiment 1 we showed that the OFR dependence on strip height possessed a similar general ''shape'' for a wide (64-fold) range of stimulus SFs: an initial increase in the OFR amplitude was followed by a decrease when the strip height exceeded certain value. This optimal strip height, however, was strongly SF-dependent-the higher the SF of the stimulus, the smaller the strip height at which OFR amplitude started to decrease-with a greater than 10-fold difference in optimal strip height between the highest and the lowest SFs tested (see Fig. 4D ). Taken in isolation the results of this experiment would be consistent with the idea, proposed earlier by others (Barthelemy, Vanzetta, & Masson, 2006; Masson & Perrinet, 2012) , that the summation of motion information occurs only within a restricted central zone of the visual field Fig. 9 . OFR spatial summation properties: Experiment 2. The OFRs to paired strips required to spatially reconstruct a certain stimulus employed in Experiment 1 are summed and divided by the OFR recorded to this same stimulus; the result is plotted as a function of the number of paired strips used for such reconstruction. Colors and symbols as in Fig. 3 . Data points for stimuli of different sizes but same spatial frequency were fitted by Expression 3 (straight lines). (A) and (B): 0.6°-high paired strips; (C) and (D): 1.2°-high paired strips. Each data point is the median of a distribution of bootstrapped means (see Appendix), with attached vertical lines delineating the 68% confidence interval (the confidence intervals were very often smaller than the symbol for the median, and thus not visible).
which is under a suppressive influence from the surround peripheral regions. Our results would fit into this scheme by making an additional (and reasonable) suggestion that the size of such a ''central zone'' becomes progressively larger for stimuli of lower SF.
However, the results of Experiment 2 argue for an alternative explanation for the OFR amplitude dependence on stimulus size observed in Experiment 1. We showed that the OFRs to a ''largesize'' stimulus equaled the scaled average of OFRs to ''smaller-size'' stimuli that comprised this ''large'' one. 13 The averaging coefficients varied more than 7-fold for stimuli of different SFs (see Fig. 10 ), but for a given SF they were very similar for a wide range of stimulus sizes, which is illustrated by clear linear dependencies of Fig. 9 . Such results argue against the idea that the center and the periphery of the visual field are inherently antagonistic, and instead suggest that-within limits-the OFR spatial summation rules for the same-SF motion stimuli are the same throughout the visual field. In this scheme the shape of the OFR dependence on stimulus size in Experiment 1 emerges from the interaction of two factors: the SF-specific OFR dependence on eccentricity and the SF-specific strength of spatial averaging. It can be easily shown that for a given OFR amplitude dependence on eccentricity, weakening the strength of averaging shifts the optimal stimulus size (a peak in the OFR dependence on size) towards bigger values. If, on the other hand, one keeps the strength of averaging constant, then the optimal stimulus size depends only on how soon a decline in the OFR dependence on eccentricity occurs. In our experiments the higher was the stimulus SF, the earlier (at lesser eccentricity) the OFRs to paired strips started to decline (Fig. 8) , which-coupled with higher averaging coefficients ( Fig. 10 )-resulted in an earlier (at lesser stimulus height) peak in the OFR dependence on stimulus size (Fig. 4) . In Experiment 2B we found that for a given SF the averaging coefficients were higher for the high-contrast than for the low-contrast stimuli (see Fig. 11 ). This is exactly the result that one would expect from the operation of contrast normalization mechanisms (Grossberg, 1973; Heeger, 1992) . On the other hand, the optimal strip height did not change with contrast in Experiment 1B except for the low-SF stimuli (see Fig. 5 ). However, other changes in the curve shape (Fig. 5 : steeper rise at low contrast and steeper fall at high contrast) do reflect these changes in averaging coefficients. The fact that linear fits in Figs. 9 and 11 provide such good fits demonstrates that there are no discrepancies in these findings. Quaia et al. (2012) studied the strength of interactions between spatially separated visual stimuli. They showed that responses to paired horizontal strips were not simply the sum of the responses to each strip of the pair when presented in isolation, but were affected by the distance between them. Nearby strips produced sublinear summation (close to averaging when strips abutted), but this suppression faded away as their separation increased. Importantly, when two thin single strips abutted forming a single thicker strip-a case analogous to stimulus spatial reconstruction implemented in our study-the interaction strength was close to averaging, which is very similar to averaging coefficients calculated in our study for stimuli in the same SF range (0.08-0.75 cpd). Furthermore, Quaia et al., also showed that the strength of interactions between abutting strips (0.25 cpd) did not differ significantly whether those strips were located at eye level or at around ±15°in the upper or lower visual field, which is consistent with our observation that, for a given SF, averaging coefficients were similar for stimuli that varied in their exposure to the peripheral visual field.
At this stage it is rather difficult to try to pinpoint the underlying neuronal mechanisms, though, in our view, local surround inhibition in the extra striate cortex (e.g., Born & Bradley, 2005) could prove to be important in accounting for the pattern of results of this study. The strength and spatial extent of these inhibitory mechanisms are most likely related to classical receptive field sizes of neurons activated by motion. Since motion stimuli of certain SF would activate a population of neurons with similar receptive field sizes this would result in quantitatively similar levels of local surround inhibition in the center as well as in the periphery of the visual field. This line of reasoning could therefore explain why, for a given SF, the averaging coefficients were found to be similar for a wide range of stimulus sizes. The SF-specific strength of spatial averaging would then arise due to differences in the local surround inhibition properties in neurons with different receptive field sizes.
Besides theoretical interest, the varying dependencies on size for stimuli of different SFs have important practical implications. Human initial OFRs are very small eye movements (Figs. 2 and 6 are representative examples) rarely reaching velocities of just a few degrees per second. This means that in a typical experiment the data often have to be collected over several sessions until each condition has been repeated an adequate number of times to permit good resolution of the responses (through averaging). Therefore, when planning an OFR research project it is of great benefit to design a stimulus which produces the strongest possible responses. Our results show that both stimulus size and SF need to be chosen carefully in order to achieve this.
We find that OFR depends upon spatial frequency, size and retinal eccentricity. This poses a challenge because these properties cannot be manipulated separately in the stimulus. For example, if a stimulus were confined to a single eccentricity using an annular aperture, it cannot be limited to a narrow spatial frequency band. Our strips across the full screen width ensured that the stimulus was narrowband in SF, but have the cost that the central strip covers multiple eccentricities. However, the widely separated strips used in Experiment 2 are confined to large eccentricities. That is, as separation increases, central stimulation is reduced, while all stimuli produce eccentric stimulation. This allows us some control over retinal eccentricity, while maintaining control of stimulus size and spatial frequency. 13 The exact size of ''smaller-size'' stimuli was not much of an issue, since very similar averaging coefficients were obtained in subject BMS using paired strips of two different heights: 0.6°and 1.2°(see Figs. 7-10 ). On the other hand, there were idiosyncratic quantitative differences: while B.M.S. and E.J.F. data were very similar in all respects, maximal values of averaging coefficients of subject C.Q. were achieved at lower SFs.
Spatial non-homogeneity of visual inputs
Ample psychophysical and electrophysiological evidence indicates that there is a progressive scarcity of high-SF visual inputs with increasing eccentricity while the low-SF inputs are distributed much more evenly (for review, see De Valois & De Valois, 1988) . And the OFR latency data of our study conform to this view. (1) Experiment 1: OFRs to larger stimuli had shorter latencies (Fig. 3) ; the effect was minimal for the highest and maximal for the lowest stimulus SFs (Fig. 3D ). OFRs are mediated by the activity of a population of the motion-sensitive neurons, so the larger the activated population the sooner the stimulus can be expected to be registered in the brain and an earlier OFR should be generated. In Experiment 1 an increase in stimulus size occurred by means of an increase of stimulus vertical extension towards more and more peripheral portions of the visual field. Therefore, minimal changes in the OFR latency with high-SF stimuli would imply that the high-SF-selective motion-sensitive neurons in those peripheral portions of the visual field were in short supply. On the other hand, big OFR latency changes with low-SF stimuli would imply that as the stimulus was extended more peripherally, more and more low-SF-selective motion-sensitive neurons were activated which led to a progressive shortening of the response latency. (2) Experiment 2: OFR latencies to high-SF paired strips increased with eccentricity ( Fig. 7B and D) . We showed (Fig. 7B and D) that when using medium-and low-SF stimuli, the OFR latency was fairly constant for a wide range (1.2-18.5°) of paired strips angular separations. Conversely for the highest-SF stimuli, the OFR latency started to increase as soon as the stimulus failed to include the central $4-8°(2 cpd stimuli) or $8-16°(1 cpd stimuli) of the visual field. Such observations suggest that while motion-sensitive neurons mediating OFRs to high-SF stimuli are mainly confined to the central portions of the visual field, those mediating OFRs to low-SF stimuli are common at much larger eccentricities as well. Quaia et al. (2012) made similar conclusions based on the OFR amplitude data in response to motion of thin single strips located at variable vertical eccentricity. We, however, cannot follow their lead based on the amplitude of the OFRs to paired strips, because Quaia et al. (2012) clearly showed that quantitative aspects of response magnitude to paired strips are the consequence of not only strips' vertical eccentricity but also of the strength of the interaction between strips forming a pair which varies as a function of their vertical angular separation.
Conclusions
Over the years, several studies have demonstrated that OFRs critically depend on the size of the motion stimulus (Barthelemy, Vanzetta, & Masson, 2006; Gellman, Carl, & Miles, 1990; Sheliga, FitzGibbon, & Miles, 2008a) . Our work confirms these observations and makes two advances. First we show how the OFR dependence on stimulus size varies for stimuli of different SFs. Second, we show that this size dependence is explained by partial averaging (quantified with an averaging coefficient) of responses to component stimuli. For a given SF, the averaging coefficients are similar for a wide range of stimulus sizes, while they differ considerably for stimuli of different SFs. 11 we resorted to resampling techniques (Efron, 1982) . As described in Methods, mean OFR measures in each experimental condition were calculated as
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where R Ri and R Li are measured changes in eye position in individual trials, while N R and N L are the total number of trials recorded to rightward and leftward stimulus motion, respectively. To obtain a confidence interval around M, one can repeatedly select, with replacement, N R trials from the rightward motion sample and N L trials from the leftward motion sample and apply Expression 4, data was not uniform (the error was larger when more paired strips had to be used for a given single strip spatial reconstruction), we performed the fit using a weighted least square algorithm, in which the squared error for each data point was divided by the square of half the difference between the 16 and 84 percentiles of the distribution of means for that data point (i.e., by what would be the variance if the distributions were Gaussian).
To obtain an estimate of the variance in the data accounted for by the fit we then used a measure that is the equivalent, for a weighted least squares fit, of the coefficient of determination r 2 .
For a standard (i.e., not weighted) least-squares fit, r 2 is computed by subtracting from 1.0 the ratio between the sum of the squares of the residuals from the fit and the sum of the squares of the residuals for a zero order fit (i.e., the best fitting constant, which for a standard fit is the mean of the data points). Similarly, we computed ''weighted'' r 2 (r 2 w ) by subtracting from 1.0 the ratio between the sum of the weighted squares of the residuals from the fit and the sum of the weighted squares of the residuals for a zero order weighted least-squares fit (which is not necessarily the mean of the data points).
